Cyclooxygenase-2 (COX-2) expression is induced by mitogenic and proinflammatory factors. Its overexpression plays a causal role in inflammation and tumorigenesis. COX-2 expression is tightly regulated, but the mechanisms are largely unclear. Here we show the control of COX-2 expression by an endogenous tryptophan metabolite, 5-methoxytryptophan (5-MTP). By using comparative metabolomic analysis and enzyme-immunoassay, our results reveal that normal fibroblasts produce and release 5-MTP into the extracellular milieu whereas A549 and other cancer cells were defective in 5-MTP production. 5-MTP was synthesized from L-tryptophan via tryptophan hydroxylase-1 and hydroxyindole O-methyltransferase. 5-MTP blocked cancer cell COX-2 overexpression and suppressed A549 migration and invasion. Furthermore, i.p. infusion of 5-MTP reduced tumor growth and cancer metastasis in a murine xenograft tumor model. We conclude that 5-MTP synthesis represents a mechanism for endogenous control of COX-2 overexpression and is a valuable lead for new anti-cancer and anti-inflammatory drug development.
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tumor suppression | tryptophan metabolism | inflammation control C yclooxygenase-2 (COX-2) is a rate-limiting enzyme in the production of diverse prostanoids with potent biological activities. It is involved in multiple physiological functions and triggers key pathological processes, such as tumorigenesis and inflammation (1, 2). COX-2 is constitutively overexpressed in a wide variety of human cancers and is enhanced by proinflammatory stimuli (3, 4) . There is convincing evidence for a causal role of COX-2 in tumorigenesis. Inhibition of COX-2 activities was reported to control human colorectal cancer (5) (6) (7) (8) . COX-2 induces tumorigenesis by promoting important cellular functions including cell proliferation, migration, and resistance to apoptosis (9) (10) (11) . The induced COX-2 expression by proinflammatory and mitogenic factors in normal cells is tightly controlled (12) whereas its overexpression in cancer cells is attributed to dysregulated transcription (13) . The endogenous control mechanisms for COX-2 expression in normal cells and the mechanisms underlying the dysregulation in cancer cells are poorly understood. We previously identified in the conditioned medium of human fibroblasts small molecules (named cytoguardins) that suppress COX-2 expression induced by proinflammatory mediators (14) . NMR analysis of a semipurified fraction revealed compounds with indole moieties (14) . However, the exact chemical structures remain elusive. In this study, we elucidated the structure of cytoguardins by comparing the metabolomic profiles between normal and cancer cells.
Results
Cytoguardins Inhibit Cancer Cell COX-2. To determine that fibroblast factors are capable of suppressing cancer cell COX-2 expression, we cocultured human Hs68 foreskin fibroblasts (HsFb) with A549 lung cancer cells in a Boyden chamber for 24 h. A549 cells were removed and treated with phorbol 12-myristate 13-acetate (PMA) for 4 h, and COX-2 proteins were analyzed. HsFb suppressed A549 COX-2 expression in a cell-density-dependent manner (Fig. 1A) . To ensure that inhibition of A549 COX-2 is attributable to HsFb factors, we added conditioned medium (CM) collected from proliferative HsFb to washed A549 cells and analyzed COX-2 expression. PMA induced robust expression of COX-2 in A549 cells, which was suppressed by HsFb CM but not by control medium (Fig. 1B) . By contrast, A549 CM did not inhibit PMA-induced COX-2 expression in serum-starved HsFb (Fig. 1B) . Conditioned medium prepared from other types of human fibroblasts inhibited PMA-induced A549 COX-2 expression (Fig. S1A ). Conditioned medium of MCF10A (breast epithelial cell) inhibited COX-2 expression whereas CM of MCF7 (breast cancer cell) as well as other cancer cells did not (Fig.  S1B ). Taken together, these results indicate that cancer cells are defective in controlling PMA-induced COX-2 expression, which is restored by normal fibroblast and epithelial cell factors.
In view of the overt difference in COX-2-suppressing activities in the conditioned medium of fibroblasts vs. cancer cells, we reasoned that the chemical structure of cytoguardins may be solved by comparative metabolomic analysis. We prepared partially purified fraction CMF2 from HsFb and A549 CM by a modified procedure (14) . CMF2 of HsFb was effective in inhibiting PMA-induced COX-2 expression in cancer cells whereas CMF2 of A549 had no effect on HsFb COX-2 expression (Fig. 1C) . HsFb CMF2 inhibited PMA-induced COX-2 promoter activity in A549 whereas A549 CMF2 had no effect (Fig. S2 ).
Metabolomic Analysis of CMF2. A high resolution ultraperformance liquid chromatography (UPLC) coupled online to a triple quardrupole-time of flight (QTof) mass spectrometry (MS) system was used to detect differences in the metabolomic profile between HsFb and A549 CMF2. Chromatograph and mass spectra of CMF2 fractions prepared from multiple batches of HsFb and A549 CM were analyzed. There is a distinct difference in the metabolomic profiles between HsFb and A549 (Fig. S3) , characterized by increased intensities in HsFb of several peaks between m/z 100 and 300 among which m/z 276.1 and m/z 262.1 are the most prominent (Fig. 1D) . Most of the peaks detected in HsFb CMF2 were undetectable or barely detectable in A549 CMF2 (Fig. 1D) . In fact, the mass spectra of A549 CMF2 was not significantly different from that of the control CMF2, consistent with the notion that A549 cells are unable to generate cytoguardins. The intensities of m/z 276.1 and m/z 262.1 of HsFb CMF2 were ∼10-fold higher than that of A549 CMF2 (Fig. 1E) . There is increasing evidence that cancer-associated fibroblasts (CAFs) are "educated" by cancer and converted to a phenotype that promotes cancer growth (15) (16) (17) (18) (19) (20) (21) . However, CAFs are heterogeneous (17, 22) , and several reports have shown that fibroblasts inhibit cancer cell proliferation through generation of soluble factors or direct cellular contact (23) (24) (25) . We were curious whether fibroblasts in cancer are capable of producing cytoguardins. The metabolomic profile of CMF2 of fibroblasts isolated from freshly resected prostate cancer (PcFb)-reported to inhibit cancer cell growth as previously described (25) and from human breast cancer (bCAF) that promotes cancer growth-were analyzed. PcFb CM and CMF2 inhibited PMA-induced COX-2 expression whereas bCAF did not (Fig. 1F) . Metabolomic analysis of PcFb CMF2 revealed a mass spectra similar to that of HsFb with comparable intensity of m/z 276.1 and 262.1 (Fig. 1G) . By contrast, m/z 276.1 and 262.1 as well as other minor peaks were reduced in the CMF2 of bCAF (Fig. 1H ). These results suggest that fibroblasts in human cancers are heterogenous in producing cytoguardins and suppressing COX-2 expression. (26, 27) . Two TPH isoforms have been identified and characterized. The TPH-2 isoform expression is restricted to neural cells and is a ratelimiting enzyme for serotonin biosynthesis (26) (27) (28) . TPH-1 has been reported to be expressed in vascular cells (29) . However, little is known about its expression and metabolism in fibroblasts and cancer cells. We analyzed its expression by Western blotting. TPH-1 was detected in HsFb and A549 cells, and its level in HsFb was higher than that in A549 cells ( Fig. 2A) . Knockdown of TPH-1 by specific siRNA (Fig. 2B ) resulted in abrogation of COX-2 suppression manifested by an enhanced PMA-induced COX-2 expression, whereas control scramble control RNA (scRNA) did not alter the COX-2 level (Fig. 2C) . Loss of COX-2 control in the TPH-1-silenced HsFb was rescued (Fig. 2C ) by addition of pure 5-HTP compound (Fig. S4A) . Furthermore, 5-HTP was effective in suppressing PMA-induced COX-2 expression in a concentrationdependent manner (Fig. 2D ). These results suggest that the TPH-1 pathway is important in suppressing COX-2 expression. To determine that TPH-1 is directly responsible for generation of m/z 262.1, we prepared CMF2 fractions from HsFb transfected with or without TPH-1 siRNA. Metabolomic analysis of CMF2 from the siRNA-modified HsFb revealed a reduction of m/z 262.1 intensity (F) Effect of cancer-associated fibroblasts on PMA-induced COX-2 expression in A549 cells. CM and CMF2 prepared from prostate cancer-associated fibroblasts (PcFb) inhibited COX-2 expression whereas neither CM nor CMF2 of breast cancer-associated fibroblasts (bCAF) did. (G and H) The metabolomic profile of (G) PcFb-CMF2 was similar to that of HsFb-CMF2, whereas the profile of (H) bCAF-CMF2 reveals diminished m/z 276.1, m/z 262.1, and other m/z peaks.
by siRNA but not by scRNA (Fig. 2E) . These results confirm that m/z 262.1 generation depends on TPH-1.
5-Methoxytryptophan Controls COX-2. We suspected that the active cytoguardin is derived from 5-HTP and that m/z 276.1 may hold the clue. By searching the database, 5-methoxytryptophan (5-MTP) conjugated to CH 3 CN was listed as a potential chemical compound that fits m/z 276.1. However, there had been no report of 5-MTP synthesis in mammalian cells or any report on the COX-2-suppressing function of this molecule. To provide supporting evidence, we obtained pure 5-MTP, validated its molecular homogeneity (Fig. S4B) , and evaluated its effect on COX-2 expression. 5-MTP completely inhibited PMA-induced COX-2 proteins in A549 cells (Fig. 3A) . Furthermore, 5-MTP restored COX-2 suppression in TPH-1-silenced fibroblasts in a concentration-dependent manner (Fig. 3B) . Thus, 5-MTP possesses COX-2-suppressing activity and is capable of correcting the defect in A549 cells. To provide additional evidence for the identity of m/z 276.1, we added 5-MTP to A549 CM and determined whether the intensity of m/z 276.1 in A549 CMF2 is enhanced. The intensity of m/z 276.1 was indeed increased (Fig.  3C) . The intensity of m/z 262.1 was also increased, which might be derived from m/z 276.1 via a demethylation reaction.
The identity of 5-MTP was validated by an enzyme-immuno assay (EIA) developed in our laboratory. A linear calibration curve was obtained at the range of 5-MTP concentrations up to 2,000 ng/mL (∼8.6 μM) (Fig. S5) . We measured 5-MTP content in the CM of HsFb by EIA. HsFb released ∼3 μM 5-MTP in the CM (Fig. 3D ). The 5-MTP level in the CM of HsFb treated with TPH-1 siRNA was reduced to the basal level whereas 5-MTP in HsFb treated with control scRNA was not changed (Fig. 3D) . 5-MTP production was restored by adding 5-HTP to TPH-1 siRNA-treated HsFb and was not influenced by Try (Fig. 3D) . These results indicate that 5-MTP is generated from 5-HTP via TPH-1 pathway.
Hydroxyindole O-methyltransferase Catalyzes 5-MTP Synthesis. Conversion of 5-HTP to 5-MTP is likely to be catalyzed by a methyl- transferase. We speculated that hydroxyindole O-methyltransferase (HIOMT, EC2.1.1.4) might be involved in 5-MTP synthesis. HIOMT was characterized as an enzyme that catalyzes the final step of melatonin synthesis in pineal gland (30, 31) . It transfers methyl group from 5-adenosyl-L-methionine to N-acetyl-5-hydroxytryptamine to form melatonin. The human HIOMT gene has been cloned and sequenced (32) . To test the hypothesis, we obtained siRNA based on the human sequence and evaluated its effect on PMA-induced COX-2 expression. HIOMT protein was constitutively expressed in HsFb, and its knockdown in HsFb by siRNA (Fig. S6 ) resulted in abrogation of COX-2 suppression, which was rescued by 5-MTP (Fig. 3E) . To ascertain that HIOMT siRNA transfection blocks 5-MTP production, we measured 5-MTP by EIA in HsFb transfected with siRNA vs. the control scRNA. 5-MTP was reduced to basal level by siRNA and was not affected by scRNA (Fig. 3F) . Addition of 5-HTP could not rescue 5-MTP production whereas exogenous addition of 5-MTP restored the level (Fig. 3F) . These results confirm the involvement of HIOMT in catalyzing the conversion of 5-HTP to COX-2-suppressing 5-MTP in HsFb.
Compared with HsFb, HIOMT protein was barely detectable in A549, which was not affected by PMA (Fig. 4A) . Corresponding to the low HIOMT protein expression, 5-MTP level in the A549 CM was low and close to the control level (Fig. 4B) . Neither Try nor 5-HTP supplement increased A549 5-MTP (Fig.  4C) . Addition of 5-HTP did not suppress PMA-induced COX-2 protein expression in A549 cells (Fig. S7) . These results suggest that deficiency of 5-MTP production in A549 may be due to defective expression of HIOMT.
5-MTP Blocks Cancer Growth and Metastasis. Because COX-2 overexpression in cancer cells is attributed to 5-MTP deficiency, we determined whether 5-MTP corrects cancer cell proliferation and invasion. We evaluated the effect of 5-MTP on A549 viability and proliferation by methylthiazole tetrazolium (MTT) assay. 5-MTP suppressed A549 cell proliferation (Fig. 4D) . Furthermore, it abrogated PMA-induced cell migration in a concentration-dependent manner (Fig. 4 E and F) . To determine whether 5-MTP inhibits A549 invasion, we seeded A549 onto matrigel-coated surface and analyzed PMA-induced A549 invasion through the matrigel at 24 h. 5-MTP inhibited A549 cell invasion (Fig. 4F) .
To confirm the anti-cancer property of 5-MTP in vivo, we evaluated the effect of 5-MTP on A549 tumor formation in a xenograft tumor model. A549 cells stably transfected with luciferase (A549-luc-c8, 5 × 10 6 cells) were injected s.c. into the flank of SC1D-Beige mice. Tumor growth was analyzed by caliper measurement of tumor volume and in vivo bioluminescent imaging using a cooled CCD camera. 5-MTP or vehicle was administered intraperitoneally twice weekly, and tumor volume was measured twice weekly for 7 wk. 5-MTP suppressed tumor volume in a time-dependent manner (Fig. 5A) . The average tumor volume at 7 wk in the 5-MTP-treated group was ∼50% of that in the control group. Results of bioluminescence imaging are consistent with reduction of tumor growth, as illustrated in Fig. 5B . To determine whether 5-MTP suppresses A549 cancer metastasis, we euthanized mice on day 52 and examined lungs for metastatic nodules. Multiple small nodules were detected on the lung surface in 5 of the 10 mice in the vehicle group and in only 1 of the 10 mice receiving 5-MTP (Fig. 5C ). Numbers of nodules ranged from 6 to 28 (Fig. S8) . Histological examination of H&E-stained lung specimen confirmed metastatic cancer cells in all of the nodules as illustrated in Fig. S9 . Thus, 5-MTP treatment significantly attenuated cancer metastasis to the lungs. Taken together, these results indicate that the 5-MTP inhibits cancer cell proliferation, migration, and invasiveness in vitro and cancer growth and metastasis in vivo.
Discussion
We have discovered a 5-MTP synthetic pathway that provides endogenous control of COX-2 overexpression. Our data indicate that 5-MTP is produced in human fibroblasts by two enzymatic steps: tryptophan hydroxylase to convert Try to 5-HTP and hydroxyindole O-methyltransferase to convert 5-HTP to 5-MTP (Fig. 5D) . 5-MTP production is defective in cancer cells, which accounts for the dysregulated COX-2 overexpression in cancer cells within the inflammatory microenvironment. Our metabolic analysis provides evidence that deficiency in 5-MTP synthesis in cancer cells is closely associated with a low level of HIOMT expression and defective HIOMT catalytic activity. It is unclear whether defective 5-MTP synthesis in cancer cells could be attributed entirely to a low level of HIOMT expression or contributed by other factors that block the enzyme activity. Elucidation of the underlying mechanism will shed lights on the endogenous tumor surveillance and pave the way to identify target for tumor detection and cancer therapy.
Our findings have important pathophysiological relevances. Fibroblasts are widely distributed in most organs and tissues. At resting state, they are quiescent. However, in response to injury signals, they migrate to the tissue damage sites where they undergo rapid proliferation and phenotypic changes (33) . They are considered to play an important role in wound healing, tissue remodeling, and inflammation (33) (34) (35) . Our results imply that the proliferative fibroblasts are pivotal in controlling excessive inflammatory responses by producing robust quantities (in micromolars) of 5-MTP. 5-MTP acts in a paracrine and autocrine manner to suppress proinflammatory mediator-induced COX-2 expression. Because COX-2 overexpression is unequivocally linked to inflammation and inflammatory disorders (35), 5-MTP could be considered a unique endogenous control of inflammation, and its synthetic pathway is a viable target for new anti-inflammatory drug development. Fibroblasts can also respond to cancer signals. The resident fibroblasts migrate to the cancer territory where they are activated and proliferative. As stated above, their phenotype may be changed by cancer cells and the CAFs become actively involved in assisting cancer growth and metastasis. Our findings provide evidence for heterogeneity of CAF. A subset of CAF has active 5-MTP synthetic activity and may in fact play a role in cancer surveillance, whereas the "educated" CAFs lose the ability to synthesize 5-MTP and are converted to cancer-promoting cells. As proof of principle, we evaluated only two types of CAFs. It is unclear whether differential production of 5-MTP in prostate vs. breast CAFs is cancer type-, tissue-, or patient-related. Further studies are needed to elucidate the mechanism underlying the differential 5-MTP production, COX-2 inhibition, and cancer growth control by naive fibroblasts vs. CAFs. Nonetheless, 5-MTP and its synthetic pathway are crucial in cancer control and will be a valuable lead for improving cancer detection and therapy.
Materials and Methods
Cells. Human fibroblasts, Hs68, Hs27, Hs925-sk, WI38 and murine cells, RAW264.7 and M. Dunni(Clone III8C) were from American Type Culture Collection. Human cancer cell lines A549, HT-29, Hep3B, and MCF7 and MCF10A were from the Bioresource Collection and Research Center. PcFb were isolated from a surgical specimen from a patient with prostate cancer as previously described (25) . It was approved by the Institutional Review Board (IRB) of Karolinska Institutet, Stockholm. bCAF were isolated from primary breast cancer tissue of a patient at National Health Research Institutes-National Cheng Kung University Hospital with IRB approval. Fibroblasts isolated from the human cancer were CD90 positive. Serum-starved and serumreplenished proliferative HsFb were prepared as previously described (36) . The culture procedures and materials are provided in SI Materials and Methods.
Western Blot Analysis. Analysis of COX-2 proteins by Western blotting was performed as previously described (37) . A detailed procedure is provided in SI Materials and Methods.
Cell Migration and Invasion Assays. A549 cancer cell migration was measured by transwell assay. All of the assays were done in triplicate. The detailed procedure is provided in SI Materials and Methods.
RNA Interference. The target siRNA sequences used to silence human THP-1 compose three different siRNA duplexes (Santa Cruz Biotechnology): 5'-CUG UGA AUC UAC CAG AUA ATT-3', 5'-CCA ACA GAG UUC UGA UGU ATT-3'. and 5'-GGA AUG UCU UAU CAC AAC UTT-3'. The human HIOMT siRNA is a pool of three different siRNA duplexes: 5'-CUG UCA GUGUUC CCA CUU ATT-3', 5'-CUG UAC CCU GGA UGU AAG ATT-3', and 5'-GAG AGG AUC UAC CAC ACU UTT-3'. The negative control sequence was 5'-UUC UCCGA A CGU GUC ACG UTT-3'. Cells were transfected with siRNA duplexes using Lipofectamine 2000 (Invitrogen) as previously described (38) . The procedure is described in SI Materials and Methods. Analysis of COX-2 Promoter Activity. A promoter region of human COX-2 gene (−891 to +9) was constructed into luciferase reporter vector pGL3 as previously described (38) . A detailed procedure is provided in SI Materials and Methods.
MTT Assay for Cell Proliferation. Viable cells were analyzed by using MTT assay. The detailed procedure is provided in SI Materials and Methods.
Preparation of CMF2. CMF2 was prepared by procedures modified from those previously reported (14) . The detailed procedure is provided in SI Materials and Methods.
Metabolomic Analyses. The metabolite analysis was performed using ultraperformance liquid chromatography (Acquity UPLC System, Waters Corporation) coupled with an orthogonal time-of-flight mass spectrometer (Xevo TOF MS, Waters Corporation). The detailed procedures are provided in SI Materials and Methods. The Human Metabolome Database and KEGG Database were used to search for chemical identity.
5-MTP Enzyme-Immunoassay. The assay was developed according to a method previously described (39) . The detailed procedure is provided in SI Materials and Methods.
Tumor Xenograft Experiment. Six-week-old male CB-17 SCID mice, purchased from BioLASCO, were housed in a daily cycle of 12-h light and 12-h darkness and pathogen-free conditions at 26°C at the Animal Center of the National Health Research Institutes. A549-luc-C8 cells (Caliper Life Sciences), cultured in RPMI-1640 supplemented with 10% FBS, were pretreated with 100 μM 5-MTP or vehicle for 5 h and were inoculated into the mice s.c. (5 × 10 6 cells/ mouse). The 5-MTP-treated mice were injected with 100 mg 5-MTP/kg body weight intraperitoneally twice weekly. The vehicle group were injected with vehicle (0.033 N HCl in RPMI medium, neutralized with NaOH) twice weekly. The size of s.c. tumors were caliper-measured twice weekly. The tumor volume was calculated according to the formula of length × width × width/ 2. The tumor growth was also monitored weekly by an IVIS spectrum imaging system (40) as described in the SI Materials and Methods. Mice were euthanized at day 52. Subcutaneous tumors and lungs were removed and fixed with 10% Formalin. Nodules on each lobe of the lungs were counted. Histology of the nodules was examined under microscopy by tissue section and H&E staining. The animals' care was in accordance with institutional guidelines and the protocol of in vivo experiments was approved by the Institutional Animal Care and Utilization Committee of the National Health Research Institutes.
Statistical Analysis. In all experiments except the metastastic nodules in xenograft tumor experiments, the statistical significance was analyzed by Student's t test. The statistical significance of lung nodules in 5-MTP vs. control groups (n = 10 each) was analyzed by χ 
